Abstract: Different types of calcium phosphates [hydroxyapatite (HA), fluorapatite (FA), tricalcium phosphate (TCP), and their composites (HA ϩ FA, HA ϩ TCP)] were coated on a zirconia (ZrO 2 ) porous scaffold using a powder slurry method. The ZrO 2 porous scaffold was intended for a loadbearing implant, and the apatite layers were coated to improve osteoconductivity. The insertion of an FA intermediate layer between the coating layer and ZrO 2 scaffold effectively suppressed the reaction between the calcium phosphate and ZrO 2 and maintained the coating layer at the initial powder composition. The obtained coating layer, of a thickness of ϳ30 m, was relatively microporous and firmly adherent to the ZrO 2 scaffold. Dissolution tests in physiological solution showed typical differences depending on the coating layers, with the dissolution rate increasing in the order TCP Ͼ HA ϩ TCP Ͼ HA Ͼ HA ϩ FA Ͼ FA. This result suggests the functional coating of the calcium phosphates in view of tailoring the solubility. Osteoblast-like cells, MG63 and HOS, responded similarly in terms of cell growth, morphology, and proliferation rate regardless of the coating types, indicating favorable and comparable cell viability. However, the alkaline phosphatase (ALP) activity of the cells on the pure HA and HA composite coatings (HA ϩ FA and HA ϩ TCP) expressed at higher levels compared to those on pure FA and pure TCP coatings for both MG63 and HOS cells, suggesting a selective cell activity depending on the coating types. All the calcium phosphate-coated-ZrO 2 scaffolds showed higher ALP levels compared to pure ZrO 2 scaffold.
INTRODUCTION
Calcium phosphate ceramics have attracted a great deal of attention in biomedical applications, such as orthopedics and dental surgery in the form of powders, bulk ceramics, and coatings. [1] [2] [3] Among the calcium phosphates, hydroxyapatite [HA; Ca 10 (PO 4 ) 6 (OH) 2 ], fluorapatite [FA; Ca 10 (PO 4 ) 6 F 2 ], and tricalcium phosphate [TCP; ␣-or ␤-Ca 3 (PO 4 ) 2 ] have been widely used. The difference in biologic properties of these calcium phosphates facilitated their specific applications either alone or in combination.
Although these ceramics display excellent biocompatibility, their undesirable mechanical properties, such as low strength, brittleness, and slow crack growth, have restricted their wider applications in load-bearing parts. 4 Therefore, coating systems onto metallic (Ti, Ti6Al4V, and stainless steel) and ceramic oxides (ZrO 2 and Al 2 O 3 ) were employed to improve mechanical properties as well as biocompatibility of the materials. [5] [6] [7] Previous in vivo studies on the implants coated with calcium phosphate have shown good fixation to the host bone and increased bone ingrowth to the implants. 8, 9 Currently, most calcium phosphate coatings have been obtained by a plasma-spraying technique. However, the plasma-sprayed coatings have limitations, such as the formation of undesirable products (CaO, TCP, and TTCP) and nonuniform structure due to the extremely high processing temperature (Ͼ8000 -15,000°C) as well as the low bonding property due to the thick coating layer (50 -200 m). 5, 6 Recently, a uniform and stable HA layer was successfully obtained on a ZrO 2 substrate using a powder slurry method. 10 In particular, an FA intermediate layer was inserted into the HA layer/ZrO 2 substrate to suppress the reaction between HA and ZrO 2 . The obtained HA layer was observed to maintain the ini- tial composition after a thermal treatment process. Based on the previous work, the outer layer is expected to be varied with different types of calcium phosphates, such as HA, FA, TCP, and the mixed phases of them, for the proper and specific usage necessitating chemical and biologic functionality. In this study, we fabricated various calcium phosphate coatings of single phases (HA, FA, TCP) and their mixtures (HA ϩ FA, HA ϩ TCP) over ZrO 2 porous scaffolds using the powder slurry method and investigated their in vitro dissolution behaviors and the cellular responses to them.
MATERIALS AND METHODS

Coating powders and slurries
The initial powders for each coating slurry were prepared from HA (Alfa Aesar Co., MA), TCP (Merck Co., Germany), and CaF 2 (Sigma-Aldrich Co., WI). The pure HA and TCP powders were used after calcination at 800°C for 3 h. The FA powder was obtained from a reaction between TCP and CaF 2 , as previously described. 11 The composite powders (HA ϩ FA and HA ϩ TCP) were prepared by mixing each powder at an equivalent molar ratio (HA/FA and HA/ TCP ϭ 1).
Each coating powder (HA, FA, TCP, HA ϩ FA, and HA ϩ TCP) was dissolved in ethanol mixed with a controlled concentration of triethyl phosphate [TEP; PO 4 (C 2 H 5 ) 3 , Sigma-Aldrich Co., WI]. The amount of each coating powder was differently loaded to have the same volume ratio relative to ethanol (powder/ethanol ϳ0.1). After stirring for 12 h, an appropriate concentration of polyvinyl butyral (PVB, Sigma-Aldrich Co., WI) solution was added slowly to the slurry and stirred for an additional 24 h.
Porous scaffold
Commercially available ZrO 2 powder (3 mol % Y 2 O 3 , Cerac Inc., WI) of 100 g and TEP of 6 g were mixed in distilled water and the mixture was stirred for 24 h. PVB of 6 g, dissolved in distilled water separately, was added slowly to the slurry and stirred for an additional 24 h. A polyurethane foam template (45 ppi, Customs Foam Systems Ltd., Canada) was cut to an appropriate dimension to replicate a porous scaffold. The prepared sponge was immersed in the slurry and then dried at 80°C for 10 min. After repeating the dipping/drying step four times, the foam was heat-treated at 800°C for 5 h at a heating rate of 2°C/min to "burn out" the sponge and binder and subsequently at 1400°C for 3 h to aid solidification. The above replication process was repeated to obtain a porosity of ϳ90%.
Slurry coating
Initially, the ZrO 2 scaffold was dip-coated with the FA slurry to form an intermediate layer. After drying, the coated sample was heat-treated at 800°C for 3 h and further at 1200°C for 1 h. The FA coating process was repeated twice. On the FA precoated ZrO 2 body, various calcium phosphate layers (HA, FA, TCP, HA ϩ FA, and HA ϩ TCP) were coated using the corresponding slurry under the same conditions as the FA precoating process. In all coating processes, the dipping-to-heating step was repeated three times to produce a uniform coating layer. Separately, for cell proliferation tests the coatings were performed on a ZrO 2 disc (12 ϫ 3 mm. diameter ϫ thickness) by dip-coating under the same heat treatment conditions as the coating on porous scaffold. The coating-substrate system under consideration is schematically shown in Figure 1 ; various calcium phosphates were coated on a ZrO 2 porous scaffold substrate with an FA intermediate layer.
Characterization and dissolution test
The phases of the initial coating powders and coated scaffolds were analyzed using X-ray diffraction (XRD; M18XHF-SRA, Mac Co., Japan) patterns. The morphology of the coated scaffold was evaluated by scanning electron microscopy (SEM; JSM-5600, JEOL, Japan) at an accelerating voltage of 20 kV.
To observe the dissolution behavior of the coatings, each coated scaffold was immersed in a physiological saline solution (0.9% NaCl) for up to 8 weeks. The solution was refreshed every 2 days during the first 2 weeks and then once every week thereafter. At the predetermined time periods, the concentration of the Ca 2ϩ ions released from the coating layer was calculated with inductively coupled plasma-atomic emission spectrometer (ICP-AES; ICPS-1001V, Shimadzu, Japan) analysis. Each set of tests was performed in triplicate.
Cell proliferation
Cell culture medium was prepared as follows: One pack of Dulbecco's modified Eagle's medium (DMEM) was dis- solved in 1 L of distilled deionized water containing NaHCO 3 (3.7 g), HEPES (3.75 g), and penicillin-streptomycin (10 mL), followed by supplementation with 10% fetal bovine serum (FBS). The pH of the medium was kept at 7.4. To investigate cell proliferation, MG63 and HOS cells were plated at a density of 1 ϫ 10 4 cells/mL separately on the fabricated disc of coated specimens (HA, FA, TCP, HA ϩ FA, and HA ϩ TCP-coated ZrO 2 ) and control (Thermanox; NUNC, IL). Cells were then cultured for 3 and 7 days in a humidified atmosphere with 5% CO 2 /95% air at 37°C. A pure ZrO 2 porous body without the coating was tested for the purpose of comparison. After culturing, the medium was decanted and cell layers were washed with Hank's balanced salt solution (HBSS). The cells were detached with trypsin-ethylene diaminetetraacetic acid (EDTA) solution in an incubator for 5 min (trypsinization). After centrifuging at 1200 rpm for 7 min and washing with phosphate-buffered solution (PBS), the cells were counted using a hemocytometer (Superior Co., Germany). Each set of tests was performed in triplicate and the data was normalized to the surface area.
Cell morphology
Porous scaffolds were used for the observation of the cell morphology. Each cell type (MG63 and HOS) was plated at a density of 5 ϫ 10 4 cells/mL onto the coated porous scaffolds (25 ϫ 25 ϫ 2 mm) and Thermanox control, and subsequently cultured for 3 and 7 days. After each time period, the cells were fixed with 2.5% glutaraldehyde, dehydrated with graded series of ethanol (70, 90, and 100%), and critical point-dried through CO 2 . After gold coating, cell morphology was observed using SEM at an accelerating voltage of 15 kV.
Cell differentiation
Cell differentiation was assessed by determining alkaline phosphatase (ALP) activity. For an ALP test, both cells (MG63 and HOS) were plated at a density of 5 ϫ 10 4 cells/mL on the coated porous scaffolds and the control and then cultured for 10 days. After decanting the medium, cell layers were washed with HBSS and then trypsinized as described above. After centrifugation at 1200 rpm for 7 min, the cell pellets were washed with PBS and resuspended by vortexing in 200 L of 0.1% Triton ϫ-100. The pellets were disrupted further by seven freezing/thawing cycles. After centrifugation at 13,000 rpm in a microcentrifuge for 15 min at 4°C, the cell lysates were assayed colorimetrically for detecting ALP activity using p-nitrophenyl phosphate as a substrate at pH 10.3 (ALP kit, 104-LL, Sigma). Each reaction was initiated with p-nitrophenyl phosphate, and allowed to proceed for 60 min at 37°C, and then stopped by quenching on ice. The resulting color product, p-nitrophenol, was measured at 410 nm using a spectrophotometer (UV-160A. Shimadzu, Kyoto, Japan).
RESULTS
Initial powder phase
The XRD patterns of the initial coating powders prior to heat treatment are shown in Figure 2(A-E) . Each coating powder (HA, FA, TCP, HA ϩ FA, and HA ϩ TCP) showed characteristic phases of the pure or mixed powders. There was little difference between HA [ Fig. 2(A) ] and FA [ Fig. 2(B) ] peaks due to their similarity in crystallography. The TCP powder retained the low-temperature ␤-phase [ Fig. 2(C) ]. In the HA ϩ FA composite powder, both HA and FA peaks were indiscernible and the peaks were broad due to an overlapping of both phase peaks [ Fig. 2(D) ]. For the HA ϩ TCP composite powder, the HA and TCP peaks appeared to be comparable in intensity [ Fig. 2(E) ]. Figure 3 (A-E) shows the XRD patterns of the ZrO 2 scaffolds after coating with the initial powders and heat-treating them at 1200°C for 1 h. All coating systems contained the FA intermediate layer. Compared to the ZrO 2 peaks (2 ϭ 30 and 34 -35°), the coating layer peaks were relatively small. The HA, FA, and HA ϩ FA coatings preserved the initial powder peaks without the appearance of other by-products. In the TCP and HA ϩ TCP coatings, a portion of the TCP transformed to ␣-phase due to the high-temperature treatment. The phase transformation of ␤ to ␣ is known to occur at/above 1150°C. 12 However, there were no reaction products between coatings and substrate, confirming the effectiveness of the FA intermediate layer to maintain the phase of the outer coating layer.
Coating phase
Morphology
The typical morphologies of the HA ϩ TCP-coated ZrO 2 porous scaffolds were observed with SEM, as shown in Figure 4 . Spherical macropores and stems formed a highly interconnected porous structure [ Fig.  4(A) ]. The porosity was measured to be about 90%. The pore and stem sizes were approximately 500 -700 and 100 -200 m, respectively. The macrostructure maintained the initial polyurethane structure without clogging of the pores. At high magnification, the coating layer was observed to uniformly cover the scaffold surface throughout [ Fig. 4(B) ]. The cross-section view clearly showed the HA ϩ TCP coating layer on the ZrO 2 scaffold substrate with an FA intermediate layer, as shown in Figure 4 (C). The double coating layer (HA ϩ TCP on FA) appeared to tightly bond with respect to the ZrO 2 substrate. There were no cracks or delaminations at the interface or within the coating. Compared to dense ZrO 2 substrate, the HA ϩ TCP/FA coating layer was relatively microporous. For other coating compositions, the morphologies were similar to those of HA ϩ TCP coating (data not shown).
Dissolution behavior
To observe the dissolution behaviors of each coating layer deposited on the ZrO 2 porous scaffolds, the Ca ion concentration released from the coating layer was analyzed using ICP-AES after incubation in a physiological solution for periods up to 8 weeks (Fig. 5) . All the coating layers responded within a short period, and the difference was more obvious with increasing incubation time. As expected, the dissolution rate of TCP was the highest, FA was the lowest, and HA was positioned between the two. Moreover, the composite powder coatings (HA ϩ FA and HA ϩ TCP) dissolved in a moderate manner between their respective mixed coating powders. In other words, the dissolution rates were in the order TCP Ͼ HA ϩ TCP ϾHA ϾHA ϩ FA ϾFA.
After incubation for 8 weeks, the dissolved surfaces of the coating systems were observed with SEM and are represented in Figure 6(A-C) . The HA composite powders with FA and TCP were chosen because the dissolution rates were quite different from each other. As expected, the surface of the HA ϩ FA-coated scaffold changed slightly [ Fig. 6(A) ], while that of the HA ϩ TCP-coated scaffold dissolved noticeably [ Fig.  6(B) ]. The dissolved surface was clearly seen at high magnification [ Fig. 6(C) ]. The dissolution morphologies of other coating systems also reflected the dissolution rates correspondingly (data not shown).
Cellular responses
The cellular responses to each coating system were assessed in terms of cell proliferation and differentiation. The SEM morphologies of MG63 and HOS cells grown on the HA ϩ TCP-coated samples after culturing for 7 days are shown in Figure 7 . The MG63 cells spread and grew on the scaffold framework actively [ Fig. 7(A,B) ]. The cell membranes appeared to extend in a specific direction in accordance with the scaffold geometry. From a cross-section view, the MG63 cells attached themselves intimately with the coating surface [ Fig. 7(C) ]. The HOS cells also grew actively on the coating samples [ Fig. 7(D,E) ]. The cells appeared to be flattened and in intimate contact with the coating surface. The cells on the other coating samples behaved similarly to those on the HA ϩ TCP coating for both MG63 and HOS cells (data not shown).
The numbers of MG63 and HOS cells that proliferated on each coating disc for up to 7 days are shown in Figure 8(A) and (B) , respectively. For all coating specimens, the MG63 cell proliferation rates showed a similar behavior [ Fig. 8(A) ]. After culture for 7 days, the cell numbers increased considerably compared to those at 3 days. Such a fact implies the favorable and comparable cell viability for all the coating systems without exhibiting any cytotoxicity. The HOS cells also proliferated actively on all the coating samples regardless of the coating types [ Fig. 8(B) ].
The cell differentiation behavior was assessed on the porous scaffold in terms of ALP activity after culturing for 10 days, as shown in Figure 9 (A, B) . The MG63 cells on all the calcium phosphate coating scaffolds expressed higher ALP activity when compared to those on pure ZrO 2 [ Fig. 9(A) ]. Notably, the coated samples containing HA (HA, HA ϩ FA, and HA ϩ TCP) exhibited higher ALP expression levels in comparison to the pure TCP and FA coating scaffolds. The HOS cells on the scaffolds showed a similar trend to the MG63 cells [ Fig. 9(B) ].
DISCUSSION
The calcium phosphates have been widely used for biomedical applications due to their excellent biocompatibility. However, the poor mechanical properties limited their use to low load-bearing parts. Therefore, this study was aimed to coat calcium phosphates on a strong ZrO 2 substrate. The ZrO 2 was in the form of a porous scaffold to improve the osteoconductivity of the coating system. The mechanical strength of a ZrO 2 porous scaffold was observed to be excellent, that is, approximately seven times higher than that of HA. 10 Of special note in the HA coating on a ZrO 2 substrate was the phase decomposition of HA to TCP, resulting from a reaction of HA with ZrO 2 . 10 The insertion of an FA intermediate layer between the HA layer and ZrO 2 substrate was observed to be effective in suppressing the reaction because the FA has higher chemical and thermal stability compared to HA.
Based on the HA coating, other calcium phosphates, such as TCP and FA, were used as coating slurries to induce functional coatings requiring a specific bioactivity and cellular response. The dissolution rate of the calcium phosphates was known in the order TCP Ͼ HA Ͼ FA. As expected, the FA and TCP were effective in tailoring the dissolution rate: moreover, the mixture coatings of HA with FA or TCP (HA ϩ FA and HA ϩ TCP) behaved well, being positioned between the mixed pure phases (Fig. 5) . Such a control of dissolution rate depending on the coating composition was attributed to the maintenance of the initial powder composition with the insertion of the thermally stable FA layer. From the different dissolution behaviors, it is reasoned that the calcium phosphate coatings can be applied to a system requiring a specific solubility. The change in mixing ratio of each powder can facilitate the exact tailoring of the solubility. More effectively, multilayered coatings, which are functionally gradient in solubility, that is, TCP/TCP ϩ HA/HA/HA ϩ FA/FA from the outer to inner, can optimize their usage in biomedical applications Although the bioactivity of the coating layers was apparently different, there were little differences in their cell growth morphologies and cell proliferation rates (Figs. 7 and 8 ). For all coated scaffolds, the cells spread well and migrated deep into the pore channels, suggesting the osteoconducting characteristics of the porous scaffolds. The differentiation of the cells was assessed by their ALP activity. The ALP level has been used to evaluate the functionality and activity of the osteoblast-like cells undergoing differentiation. 11, 13, 14 The ALP levels of the cells were different depending on the coating composition. In particular, for the pure HA and HA mixture coatings (HA ϩ FA and HA ϩ TCP), higher expression levels were observed: For pure FA and pure TCP coatings, the levels were much lower. However, all the coating scaffolds exhibited higher ALP activity compared to pure ZrO 2 . It is known that the cellular responses to a material, such as attachment, proliferation, and differentiation, depend not only on physical status but also on chemical compositions of the material. When considering the similar roughness and morphology among the coating layers, the different chemical composition was deemed to play a crucial role in determining the cell responses. The bioactivity difference driven by the dissimilar chemical composition indicated the level of elements released from the material and a consequent cell-material interaction. Although the cells favorably proliferated and were viable regardless of the coating types, the effect of coating composition was well reflected on the differentiation of the cells. The higher ALP levels in the HA-containing coatings suggested that the HA composition was the most favorable for cell differentiation. With regard to the bioactivity, the coatings that have dissolution rates in the middle range (HA, HA ϩ FA, and HA ϩ TCP) would be more favorable than those dissolving at rates too low or too high (pure FA and pure TCP coatings, respectively). However, the exact effects of the F ions released from FA and the different crystallography of TCP with respect to HA could not be elucidated in this study. For a complete understanding of the composition and bioactivity effects on the cell functions, further in vitro experiments using osteoblast-specific markers (osteocalcin, bone sialoprotein, and collagen type 1), and ultimately in vivo tests, are required.
CONCLUSIONS
Calcium phosphates were coated on a ZrO 2 porous scaffold using a powder slurry method. The coating compositions were tailored using HA, TCP, and FA powders to induce different dissolution rates. An FA layer was inserted into the coating layer-ZrO 2 interface to suppress the reaction between the coating layer and ZrO 2 . As a result, the coating layers maintained the initial powder composition. The dissolution rates of the coating scaffolds were in the order TCP Ͼ HA ϩ TCP Ͼ HA Ͼ HA ϩ FA Ͼ FA, suggesting a functionally gradient coating in view of tailoring the solubility. On all the coating scaffolds, the MG63 and HOS cells showed a favorable and comparable viability in terms of cell growth morphology and proliferation rate. However, the ALP activity was much higher in the pure HA and HA mixture coatings (HA ϩ FA and HA ϩ TCP) compared to the pure FA and pure TCP coatings.
